During 3 end processing, histone pre-mRNAs are cleaved 5 nucleotides after a conserved stem loop by an endonuclease dependent on the U7 small nuclear ribonucleoprotein (snRNP). The upstream cleavage product corresponds to the mature histone mRNA, while the downstream product is degraded by a 5-3 exonuclease, also dependent on the U7 snRNP. To identify the two nuclease activities, we carried out UVcrosslinking studies using both the complete RNA substrate and the downstream cleavage product, each containing a single radioactive phosphate and a phosphorothioate modification at the cleavage site. We detected a protein migrating at 85 kDa that crosslinked to each substrate in a U7-dependent manner. Immunoprecipitation experiments identified this protein as CPSF-73, a known component of the cleavage/ polyadenylation machinery. These studies suggest that CPSF-73 is both the endonuclease and 5-3 exonuclease in histone-pre-mRNA processing and reveal an evolutionary link between 3 end formation of histone mRNAs and polyadenylated mRNAs.
Introduction
3# end processing of nuclear pre-mRNAs is an essential step in formation of mature mRNAs. The vast majority of pre-mRNAs undergo cleavage coupled to poly(A) addition (Zhao et al., 1999) . In contrast, cleavage of metazoan replication-dependent histone pre-mRNAs occurs by a different mechanism and is not followed by polyadenylation . Each type of pre-mRNA contains specific sequence elements that are recognized by a unique set of processing factors. Histone pre-mRNAs contain two sequence elements required for processing: (1) the stem loop consisting of a 6 base pair stem and a 4 nucleotide loop and (2) a histone downstream element (HDE). Cleavage occurs between the two elements, 5 nucleotides downstream of the stem loop. The HDE is the binding site for the U7 snRNP, which consists of an w60 nucleotide snRNA and a number of proteins, including the U7 snRNP-specific proteins Lsm10 and Lsm11 (Schumperli and Pillai, 2004) . Binding of U7 snRNP to the pre-mRNA is mediated by formation of a duplex between the HDE and the 5# end of the U7 snRNA (Birnstiel and Schaufele, 1988; Bond et al., 1991) . The stem-loop binding protein (SLBP) binds the stem loop and stabilizes the U7 *Correspondence: dominski@med.unc.edu snRNP on the pre-mRNA by interacting with a component of the U7 snRNP, ZFP100 (Dominski et al., 2002) . In processing of mammalian histone pre-mRNAs, the cleavage site is located at a fixed distance from the HDE, suggesting that the U7 snRNP plays a key role in recruiting the endonuclease to the pre-mRNA (Scharl and Steitz, 1994) . A main focus of current studies is to identify this elusive factor directly responsible for cleaving histone pre-mRNAs.
Cleavage coupled to polyadenylation is carried out by a large complex consisting exclusively of protein factors that include the multisubunit cleavage/polyadenylation specificity factor (CPSF) and cleavage stimulation factor (CstF) (Colgan and Manley, 1997) . It is now believed that cleavage coupled to polyadenylation is catalyzed by CPSF-73, a subunit of CPSF (Ryan et al., 2004 ). Here we report the results of UV-crosslinking studies designed to identify proteins that contact histone pre-mRNA in the vicinity of the cleavage site. We detected an 85 kDa protein, which is crosslinked to the histone pre-mRNA in a processing-dependent manner. Immunoprecipitation experiments identified this protein as CPSF-73, strongly suggesting that histone premRNAs as well as the other pre-mRNAs that undergo cleavage/polyadenylation utilize the same endonuclease during 3# end processing.
Results

In Vitro 3 End Processing of Histone pre-mRNAs
In vitro 3# end processing of histone pre-mRNAs in mammalian nuclear extracts occurs readily in the presence of 20 mM EDTA at 32°C (Gick et al., 1986) . We routinely use the mouse histone H2A-614 pre-mRNA as the processing substrate ( Figure 1A ) and nuclear extracts from mouse myeloma cells . The HDE in the H2A-614 pre-mRNA forms a stable duplex with the 5# end of the U7 snRNA consisting of 14 base pairs interrupted by only one mismatch. As a result of strong binding with the U7 snRNP, the H2A-614 pre-mRNA is cleaved in vitro even in the presence of the stem-loop RNA sequestering all SLBP ( Figure 1C , lanes 2 and 3). Processing of histone pre-mRNAs is specifically abolished by a 2#-O-methyl oligonucleotide, αMa, complementary to the first 17 nucleotides of the mouse U7 snRNA ( Figures 1B and 1C, lane 4) . The U7 snRNP is present at low concentrations in the nucleus, and an excess of pre-mRNA saturates the in vitro reaction, resulting in poor processing efficiency. Addition of 10-fold excess of unlabeled pre-mRNA substrate reduces processing of the labeled pre-mRNA to 10% of its initial level ( Figure 1C, lane 6) . Cleavage of the H2A-614 pre-mRNA occurs after the ACCCA (Scharl and Steitz, 1994) , leaving a 3# hydroxyl group on the upstream fragment containing the stem loop (SL) and 5# phosphate on the downstream cleavage product (DCP) starting with CU ( Figure 1A ). The DCP, visible only when the substrate is internally labeled, is degraded by an EDTA-resistant 5#-3# exonuclease that is also de- pendent on the U7 snRNP (Walther et al., 1998) . The degradation of the DCP is often incomplete, resulting in accumulation of a number of intermediates partially truncated at the 5# end in addition to mononucleotides ( Figure 1D, lanes 2-4, arrows) . A synthetic RNA encompassing the DCP not protected at the 5# end by the cap structure is degraded in nuclear extracts by the same activity, demonstrating that the endonucleolytic cleavage and the 5#-3-degradation can be uncoupled (Figure 1E) (Walther et al., 1998) .
Processing and UV Crosslinking Using the Full-Length Substrate
To identify the endonuclease that cleaves histone premRNAs, we carried out UV-crosslinking experiments using site-specifically labeled RNA substrates. We assumed that formation of a crosslink between the nuclease and the RNA substrate should correlate with processing efficiency. To selectively abolish processing, we used two 2#-O-methyl oligonucleotides, αMa and αMb, complementary to either 17 or 11 nucleotides of the 5# end of the mouse U7 snRNA ( Figure 1B) . In addition to the oligonucleotides blocking the U7 snRNA, we also used two 2#-O-methyl oligonucleotides complementary to 16 (αHDEa) or 10 nucleotides (αHDEb) of the HDE ( Figure 1A ). These oligonucleotides act in cis by blocking the site of binding for U7 snRNA on the pre-mRNA and also efficiently inhibit processing. We consider this control as less informative than the antimouse U7 snRNA oligonucleotides since formation of a duplex spanning a significant portion of the RNA substrate might also affect nonspecific binding of proteins to the substrate.
To generate a site-specifically labeled full-length premRNA, a 31 nucleotide upstream fragment containing the stem loop and followed by the ACCCA (SL) was ligated to a 5#-labeled 38 nucleotide downstream cleavage product (DCP) that contained the U7 binding site from the H2A-614 pre-mRNA ( Figure 1A) . The fulllength RNA (FL) containing a single 32 P at the cleavage site ( Figure 2A ) was gel purified, and approximately 0.1 pmol (10,000 counts per minute) used for processing in a mouse nuclear extract (Mm NE). Each processing sample was preincubated at 32°C for 10 min, and then the majority of the sample was UV irradiated at room temperature, treated with RNase A, and analyzed by SDS gel electrophoresis for the formation of crosslinks. A small aliquot was incubated at 32°C for an additional 80 min, and the RNA was isolated to measure the processing efficiency in 7 M urea gels. Following processing, the upstream product containing the stem loop is not detected by autoradiography since the radioactive phosphate remains at the 5# end of the DCP, which is degraded in a 5#-3# orientation, resulting in a labeled mononucleotide. Thus, processing efficiency for this substrate is measured by gradual disappearance of the substrate and accumulation of mononucleotides (Figure 2A, lane 2) . Processing was abolished by the αMa and was unaffected by a control oligonucleotide (αD) complementary to the first 17 nucleotides of the Drosophila U7 snRNA (lanes 3 and 4). In spite of processing of 85% of the input pre-mRNA, UV irradiation did not generate any RNA-protein crosslink that was dependent on U7 snRNP (data not shown). 
Processing and UV Crosslinking Using the FullLength Substrate Containing a Phosphorothioate
One possible explanation for the failure to detect any U7-dependent crosslinks on the FL RNA could have been the rapid rate of the catalysis. To overcome this potential limitation, the scissile bond was changed by introduction of a phosphorothioate, a modification that increases resistance of nucleic acids to nucleases (Koziolkiewicz et al., 1997) . We reasoned that this modification might slow down the kinetics of the cleavage reaction, thus providing a sufficient time window to crosslink the endonuclease while it was in contact with the RNA. To place the phosphorothioate at the scissile bond, the DCP was extended at the 5# end by an adenosine, and the modification (S) was introduced within the first phosphodiester bond ( Figure 2B ). To emphasize extension of the typical downstream cleavage product by 1 nucleotide and the presence of 1 phosphorothioate, we refer to this RNA as DCP+1/S. The 5#-labeled DCP+1/S RNA was ligated to the stem-loop fragment lacking the last nucleotide (SL−1). In the ligated FL(1S) RNA, the phosphorothioate modification was at the cleavage site, and the radioactive phosphate was 1 nucleotide upstream, between a cytosine and an adenosine. Processing of the gel-purified FL(1S) generated a major product that contained the radioactive phosphate and had the mobility of the SL RNA ( Figure  2B , lane 3), thus suggesting that cleavage predominantly occurred either at the regular cleavage site or slightly further downstream. There was also a small amount of a product comigrating with the DCP+1/S, indicating that the presence of the phosphorothioate resulted in generation of a minor cleavage site upstream of the normal cleavage site, leaving the label on the DCP. Generation of both products was nearly completely inhibited in the presence of 30 pmol of the αMa oligonucleotide, whereas the αDa had no effect ( Figure  2B , lanes 4 and 5). The SL competitor reduced processing at the major cleavage site from 75% to about 40% and had no detectable effect on processing at the minor site (lane 6).
To precisely map the sites of cleavage in the FL(1S) RNA, the processing products were separated on a high-resolution polyacrylamide gel next to the SL, SL−1, and DCP+1/S labeled at the 5# end. The less abundant processing product comigrated with the DCP+1/S (note that both RNAs contain a labeled phosphate at the 5# end), demonstrating that the minor cleavage site is located 1 nucleotide upstream of the regular cleavage site, between the cytidine and adenosine ( Figure 2C , lanes 1 and 2). The major cleavage product (containing the internal radioactive phosphate and no phosphate at the 5# end) migrated slightly more slowly than the SL (lanes 2-4), and this difference is either due to the lack of the 5# phosphate (SollnerWebb et al., 2001) or to cleavage occurring 1 nucleotide downstream of the regular cleavage site. Importantly, the latter possibility would indicate that the presence of phosphorothioate at the normal cleavage site resulted in the shifting of the cleavage 1 nucleotide in either direction. To discriminate between these two possibilities, we generated an unlabeled FL(1S) RNA by ligating the SL−1 and the 5#-phosphorylated DCP+1/S. As a control, we also generated an unlabeled FL RNA lacking the phosphorothioate by ligating the SL and the 5#-phosphorylated DCP. Both RNAs were labeled at the 5# end, and their processing products were separated on a high-resolution gel. Consistent with previous results, the control FL RNA was cleaved only at the normal site generating the upstream product comigrating with the 5#-labeled SL ( Figure 2D , lanes 1 and 2). As expected from the previous analysis, the FL(1S) RNA containing the modification was cleaved at two sites. The major product had the same mobility as the SL, and the minor product was 1 nucleotide shorter, comigrating with the 5#-labeled SL−1 ( Figure 2D , lanes 3 and 4). We conclude from these experiments that the FL(1S) containing the phosphorothioate in the cleavage site is processed with about 70% efficiency at this site, although the presence of the modification results in cleavage of 30% of the substrate 1 nucleotide upstream ( Figure 2D , right).
We next tested the ability of the FL(1S) RNA to form processing-dependent RNA-protein crosslinks. To avoid removal of the radioactive phosphate from proteins crosslinked to the RNA, prior to separating on an SDS gel, the UV-irradiated processing reactions were treated with RNase T1, cleaving after guanosines, instead of RNase A, which cleaves after pyrimidines and might remove the label from the adenosine crosslinked to the protein. 
UV Crosslinking to the FL(1S) and DCP+1/S RNAs and Preliminary Characterization of the 85 kDa Crosslink
The HDE from the H2A-614 pre-mRNA can efficiently bind the U7 snRNP in the absence the stem loop and SLBP . Therefore, we compared the pattern of crosslinking with the DCP+1/S labeled at the 5# end to that seen with the FL(1S) RNA. A labeled mononucleotide was rapidly released from the DCP+1/S RNA incubated in a mouse nuclear extract, and the reaction required U7 snRNP since it was completely inhibited by the αMa but unaffected by the αD (Figure 3A,  left-hand panel, lanes 1-3) . The FL(1S) RNA gave the same two cleavage products observed in Figure 2B ( Figure 3A, left-hand panel, lanes 4-6) . After UV irradiation and RNase T1 treatment, the processing reactions were analyzed for generation of RNA-protein crosslinks. Two crosslinks were detected with the DCP+1/S substrate: a U7-dependent 85 kDa protein that comigrated with the 85 kDa crosslink formed on the FL(1S) RNA and a new crosslink that migrated at about 50 kDa, just below the major stem-loop-dependent crosslink formed on the FL(1S) RNA ( Figure 3A, right-hand  panel) . The 50 kDa crosslink was not affected by the presence of either the αMa or αD oligonucleotides, whereas the 85 kDa crosslink was abolished by the αMa.
Since the 5#-labeled DCP+1/S was readily available in large quantities, we used this substrate to further characterize the UV-crosslinked proteins. In contrast to the FL(1S) RNA, in which the radioactive phosphate is preceded by a cytosine, the DCP+1/S contains the radioactive phosphate on the first nucleotide, an adenosine, and thus it can be digested with RNase A without risk of removing the label from the crosslinked proteins. Indeed, the same two protein crosslinks of 85 kDa and 50 kDa were detected with the DCP+1/S substrate when RNase A was used instead of RNase T1 (see Figure S1A in the Supplemental Data available with this article online). A nuclear extract from HeLa cells was also capable of forming the 85 kDa crosslink with the DCP+1/S, although its efficiency was much lower than for mouse nuclear extracts. This lower efficiency of crosslinking of the 85 kDa protein correlated with much lower activity of HeLa nuclear extracts in releasing the radioactive mononucleotide from the DCP+1/S ( Figure  S1B ). Detection of the 85 kDa crosslink absolutely required a 5-10 min preincubation of samples at 32°C, whereas subsequent UV irradiation could be carried with the same result at either room temperature or on ice ( Figure S1C ).
To further demonstrate that crosslinking of the 85 kDa protein depends on binding of U7 snRNP, we used a mutant RNA substrate unable to form a strong duplex with U7 snRNA. We mutated the purine core AAGA in the DCP+1/S ( Figure 1A , nucleotides 2-5 of the HDE) to UUCA, thus significantly limiting the base-pairing potential between the RNA substrate and the U7 snRNA. The mDCP+1/S mutant RNA labeled at the 5# end was stable in a mouse nuclear extract ( Figure 3B , top, lanes 4-6) and formed only the 50 kDa crosslink and not the 85 kDa crosslink, emphasizing the importance of the interaction between the RNA substrate and the U7 snRNP for recruitment of the 85 kDa protein and release of the labeled mononucleotide ( Figure 3B, bottom,  lanes 4-6) . To prove that generation of the 85 kDa protein crosslink was due to introduction of the phosphorothioate, we used an RNA substrate of the same length and sequence as the DCP+1/S but lacking the phosphorothioate modification (DCP+1). The radioactive label was efficiently removed from the 5# end of the DCP+1 RNA substrate during the 90 min incubation in a mouse nuclear extract, but only the 50 kDa protein crosslink was detected ( Figure 3C, lanes 4-6) . Based on this result, we conclude that the presence of the phosphorothioate modification is a prerequisite for efficient crosslinking of the 85 kDa protein.
Specificity of UV Crosslinking to the DCP+1/S
We used various RNA and 2#-O-methyl competitors to test the correlation between formation of the 85 kDa and 50 kDa crosslinks and release of the 5#-labeled adenosine from the DCP+1/S RNA. In addition to the αMa, we used αHDEa, a 2#-O-methyl oligonucleotide complementary to 16 nucleotides of the HDE ( Figure  1A) . Removal of the labeled mononucleotide from the DCP+1/S RNA as well as formation of both the 85 and 50 kDa crosslinks was abolished in the presence of 10 pmol of the HDEa, a 100-fold molar excess over the substrate ( Figure 4A, lane 2) . None of the nonspecific RNA competitors, used in amounts ranging from 15 to 300 pmol, including the SL RNA, the RS RNA, and a 20-mer 2#-O-methyl oligonucleotide complementary to the Drosophila U7 snRNA (αDb), had any effect on either the release of the labeled mononucleotide from the DCP+1/S or formation of the 85 and 50 kDa crosslinks ( Figure 4A, lanes 3-8) . Note that excess of the SL RNA had no effect on crosslinking of the 85 kDa protein to the DCP+1/S RNA, although it had a significant effect on formation of the same crosslink on the full-length RNA FL(1S) ( Figure 2E, right-hand panel) . This result is consistent with the lack of the stem loop in the DCP+1/S substrate and the release of the labeled mononucleotide occurring in an SLBP-independent manner.
We also tested the effect of two shorter 2#-O-methyl oligonucleotides: αMb, complementary to 11 nucleotides of the mouse U7 snRNA, and αHDEb, complementary to 10 nucleotides of the HDE (Figures 1A and  1B) . Figure 4C, lane 5) . Clearly, the interaction of the 50 kDa protein with the substrate is not required for release of the mononucleotide from the DCP+1/S RNA. We also tested as competitors a number of previously characterized full-length pre-mRNAs consisting of the stem loop and different HDE sequences. Two of these substrates, Drosophila-specific H3 pre-mRNA and HDE − mutant of the H2A pre-mRNA, are not processed in mammalian extracts since they do not interact stably with the U7 snRNP, and the third substrate, the mouse H1t pre-mRNA, is processed poorly due to weak binding of the U7 snRNP (Dominski et al., 1999). The wild-type H2A-614 pre-mRNA at a 25-fold molar excess over the labeled RNA substrate nearly completely abolished processing and generation of the 85 kDa crosslink ( Figure 4C, lane 7) . The three remaining RNAs, the H1t, the Drosophila H3, and the HDE − mutant, at the same molar concentration had no effect on processing and crosslinking ( Figure 4C, lanes  8-10) . Taken together, these results clearly demonstrate that formation of the 85 kDa crosslink is dependent on the ability of the substrate to efficiently bind the U7 snRNP.
We have observed that increasing the concentrations of NP-40 over 0.025% abolished processing of the H2A-614 pre-mRNA, although 0.01% NP-40 had no effect (data not shown). Interestingly, concentration as high as 0.1% does not affect the amount of the U7 snRNA detected in processing complexes assembled on the H2A-614 pre-mRNA ( Figure 4E, lanes 2 and 3) , suggesting that NP-40 interferes with a step other than the binding of the U7 snRNP. We tested effects of 0.01% and 0.05% NP-40 on degradation of the DCP+1/S RNA and crosslinking of the 85 kDa protein. While the release of the mononucleotide from the DCP+1/S and crosslinking of the 85 kDa protein were not affected in the presence of 0.01% NP-40, both events were fully inhibited by 0.05% NP-40 ( Figure 4D, lanes 2 and 3) . Therefore, it is likely that NP-40 may have a direct effect on recruiting the 85 kDa protein to the DCP+1/S by the U7 snRNP stably associated with the RNA. Alternatively, NP-40 causes dissociation of a loosely associated component from the U7 snRNP that is required for recruitment of the 85 kDa protein.
Distinguishing between the Endonucleolytic and the 5-3 Exonucleolytic Activities
Two different mechanisms, leading to the same product, could be responsible for the release of the radioactive 5# nucleotide from the DCP+1/S RNA: a 5#-3# exonucleolytic degradation or an endonucleolytic cleavage followed by the 5# exonucleolytic degradation of the DCP, as in the case of natural histone pre-mRNAs. Since it is not possible to discriminate between these two mechanisms using the DCP+1/S RNA, we used two other RNA substrates in which the DCP sequence was extended at the 5# end by either 5 (DCP+5/S) or 6 nucleotides (DCP+6/5S) preceding the normal cleavage site ( Figure 5A ). The DCP+5/S RNA contained the phosphorothioate modification at the normal cleavage site between an adenosine and cytidine, while DCP+6/5S had four additional phosphorothioates, two on each side of the cleavage site. When these RNA substrates labeled at the 5# end were incubated in a mouse nuclear extract, the same U7-dependent release of the radioactive mononucleotide was observed as in the case of the DCP+1/S ( Figure 5B ). The reaction occurs in the presence of EDTA, which stabilizes the upstream cleavage product, thus making it unlikely that the HDC+5/S and DCP+6/5S are endonucleolytically cleaved further away from the 5# end followed by degrading the resultant upstream product to mononucleotides by a 3#-5# exonuclease. This result demonstrates that mov- ing the 5# end further away from the HDE does not prevent the exonucleolytic activity dependent on the U7 snRNP and strongly suggests that the first nucleotide of DCP+1/S RNA is also removed by an exonucleolytic activity. The labeled mononucleotides released from the DCP+5/S and DCP+6/5S comigrated in a 14% highresolution gel with the mononucleotides released after complete digestion of the two RNAs by S1 nuclease ( Figure 5C ), indicating that they contain a 3# hydroxyl group (Sollner-Webb et al., 2001) .
Cleaving of the FL(1S) RNA at the minor site 1 nucleotide upstream of the normal site containing the phosphorothioate generated 5#-labeled DCP+1/S, which was subsequently converted with about 50% efficiency into mononucleotides ( Figure 2E ). This raised a possibility that the 85 kDa crosslink was not formed during contact with the full-length RNA but instead was only formed after cleavage, during the degradation of the DCP+1/S, as observed in the case of the synthetic DCP+1/S RNA. Although this possibility seemed unlikely given the low efficiency of this pathway, we constructed a new full-length RNA by ligating the 5#-labeled DCP+6/5S with the SL lacking 6 nucleotides from the 3# end ( Figure 5D ). In the FL(5S) RNA, the radioactive phosphate was placed within the stem, thus precluding any upstream cleavage that would have resulted in generation of a labeled downstream cleavage product. The purpose of the five phosphorothioate modifications was to allow detection of the crosslink in any possible cleavage site, which might be shifted 1 to 2 nucleotides in each direction.
The gel purified FL(5S) was efficiently cleaved in a mouse nuclear extract giving rise to two closely migrating upstream products (detectable with this substrate due to upstream position of the label), with the upper band being predominant ( Figure 5E ). In a high-resolution gel, the upper product comigrated with the major cleavage product of the site-specifically labeled FL(1S) RNA, and the minor product was 1 nucleotide shorter (data not shown). Thus, the FL(5S) RNA is cleaved at the same sites as the FL(1S). The processing was dependent on U7 snRNP and was competed by 100-fold molar excess of unlabeled DCP+1/S but not by the mutant version unable to bind U7 snRNP ( Figure 5E, lanes  7 and 8) . As expected, excess of the SL RNA reduced the efficiency of processing, and the RS had no effect (lanes 5 and 6). When the same processing reactions were UV irradiated and treated with RNase T1, the pat-tern of crosslinked proteins looked very similar to that obtained with the FL (1S) RNA (Figure 5F ). The main difference was that there was a doublet near 85 kDa rather than a single band ( Figure 5F ). The lower band comigrated with the 85 kDa crosslink formed on the DCP+1/S RNA (data not shown), whereas the more intense band had slightly lower mobility. Formation of this doublet crosslink correlated with processing efficiencies and responded to all competitors in the same manner as formation of the 85 kDa crosslink on the FL(1S) RNA (Figure 5F ). Processing and formation of the doublet crosslink, but not stem-loop-dependent crosslinks, were also abolished by the presence of 0.05% NP-40 or 100-fold excess of the αHDEa blocking the U7 binding site (data not shown). This analysis suggested that the doublet may represent the same 85 kDa protein with the upper crosslink bound to a larger portion of the RNA due to incomplete digestion with RNase T1.
Immunoprecipitation of Crosslinked Proteins
Our studies demonstrated that the 85 kDa protein interacts with both the full-length histone pre-mRNA and the downstream cleavage product in a U7-dependent manner. The electrophoretic mobility of the 85 kDa protein indicated that this is a new factor in histone-premRNA processing. To identify the 85 kDa protein, we initially used crosslinks formed on the DCP+1/S RNA due to its availability in large quantities and tested a number of antibodies against known proteins. We recently characterized a potential candidate for the endonuclease in 3# end processing of histone pre-mRNAs as a heterodimer of RC-68 and RC-74 (Dominski et al., 2005), two proteins highly similar to CPSF-73 and CPSF-100. While RC-68 migrates at about 63 kDa, RC-74 has a mobility identical to the 85 kDa crosslink. We used an antibody against the C-terminal peptide of RC-74 and carried out immunoprecipitation under denaturing conditions. In this method, the sample containing the crosslinked proteins is treated with an RNase, boiled in the presence of 1% SDS, and then diluted 10-fold prior to addition of an antibody. This approach increases the efficiency of immunoprecipitation when the protein of interest is imbedded in a larger complex and therefore is not accessible to the antibody in a native form. The RC-74 antibody efficiently precipitated denatured RC-74, as determined by Western blotting, but did not precipitate any of the radioactive 85 kDa protein, demonstrating that the 85 kDa protein is not RC-74 (data not shown).
We next considered the possibility that the 85 kDa protein might be CPSF-73, the suspected cleavage factor in cleavage/polyadenylation, which also migrates on SDS gels near 85 kDa (Dominski et al., 2005) . As determined by IP/Western, an αCPSF-73 antibody (kindly provided by Dr. W. Keller, University of Basel) was unable to precipitate CPSF-73 from a native nuclear extract (data not shown) but efficiently precipitated CPSF-73 from an extract denatured by boiling in the presence of SDS ( Figure 6A, bottom panel, lanes 9 and  13) . The αCPSF-73 antibody incubated with a UV-irradiated and denatured processing reaction containing the DCP+1/S RNA selectively precipitated the 85 kDa but not the 50 kDa protein, thus identifying the 85 kDa pro- Figure 6A, lane 3) . Quantification of the data on a PhosphorImager demonstrated that over 25% of the input 85 kDa crosslink was precipitated with the αCPSF-73. The two control antibodies directed against RC-74 and RC-68 did not precipitate any labeled proteins ( Figure 6A, lanes 2 and 4) . We also analyzed a processing reaction prepared in the presence of the αMa oligonucleotide, which prevented formation of the 85 kDa UV crosslink but did not reduce the intensity of the 50 kDa band or the background ( Figure 6A , lane 5). The αCPSF-73 antibody did not precipitate any radioactive protein from this sample (lane 6).
We repeated the above experiment using a different rabbit antibody against CPSF-73 (αCPSF-73b), kindly provided by Dr. D. Bentley (University of Colorado, Denver). We prepared a large-scale processing reaction with the DCP+1/S RNA either without (lanes 7-10) or with the αMa oligonucleotide (lanes 11-14) and tested the αCPSF-73b antibody in parallel with the initial αCPSF-73. The results from these experiments were the same as described above: each of the two antibodies directed against CPSF-73 selectively precipitated the 85 kDa radioactive protein from the control processing reaction ( Figure 6A, top, lanes 9 and 10) , while the αRC-74 was unable to precipitate any radioactive protein (lane 8). The two αCPSF-73 antibodies did not precipitate any radioactive protein from processing reactions containing the αMa (lanes 13 and 14) , although they efficiently precipitated CPSF-73 from aliquots of the same processing reactions, as determined by Western blotting ( Figure 6A, lanes 13 and 14, bottom) .
Finally, following the same denaturing protocol as that used for the DCP+1/S RNA, we determined that CPSF-73 was also crosslinked to the full-length substrates. To prevent removal of the label from cross- Figure 6B, lane 2) . The αCPSF-73 antibody also precipitated the two crosslinks migrating at about 85 kDa formed in a processing-dependent manner on the FL(5S) RNA ( Figure 6C, lanes 1 and 2) . Thus, formation of the doublet was a result of the crosslinking of CPSF-73 to the RNA substrate followed by its incomplete digestion with RNase T1. In conclusion, we identified the 85 kDa protein crosslinked in a U7-dependent manner to the histone pre-mRNA and to the downstream cleavage product as CPSF-73, an essential component of the cleavage/polyadenylation apparatus.
Discussion
Histone-pre-mRNA processing requires binding of the U7 snRNP to the HDE located 12-15 nucleotides 3# of the cleavage site. The U7 snRNP plays the key role in assembling the processing complex and functions as a molecular ruler directing the cleavage factor to the appropriate phosphodiester bond in the pre-mRNA (Scharl and Steitz, 1994) . Two reactions are catalyzed by the processing complex containing the U7 snRNP: an endonucleolytic cleavage of histone pre-mRNA to form the 3# end of histone mRNA and a 5#-to-3# exonucleolytic degradation of the downstream cleavage product, which may play a role in recycling the U7 snRNP (Walther et al., 1998) . In this study, we identified a protein of 85 kDa that crosslinks in a U7-dependent manner to the RNA substrates during both endonucleolytic cleavage and 5#-to-3# exonucleolytic degradation. Immunoprecipitation experiments identified this protein The competition experiments suggested that the 50 kDa protein is not essential for degradation of the DCP+1/S RNA. However, coprecipitation of the 50 kDa crosslink by the anti-Sm antibody suggests that it may be a part of a larger complex with the U7 snRNP or another Sm-precipitable particle ( Figure S2 ). Additional studies are required to determine the identity and the relevance, if any, of this protein to 3# end processing of histone pre-mRNAs.
The key modification that allowed UV crosslinking of CPSF-73 was incorporation of a phosphorothioate at the cleavage site in the full-length RNA or near the 5# end of the DCP. RNA substrates lacking this modification, in spite of undergoing very rapid processing, did not crosslink to any protein in a processing-specific manner. Introduction of a single phosphorothioate did not significantly reduce the overall efficiency of processing or degradation, which is probably limited by the rate of assembly of the U7 snRNP and other necessary factors on the RNA substrate. However, this modification likely slowed down the rate of the nucleolytic attack, allowing CPSF-73 to stay longer in contact with the RNA. The presence of the phosphorothioate in the cleavage site in the full-length RNA did not prevent processing in this site, although it resulted in generation of a minor cleavage site 1 nucleotide upstream, indicating that this modification creates an at least partially unfavorable context for processing.
CPSF-73 Is a Primary Candidate for 3 Endonuclease in Formation of Histone RNAs and Polyadenylated mRNAs
Crosslinking of CPSF-73 only in the presence of the phosphorothioate modification in RNA substrates, in- A growing amount of circumstantial evidence suggests that CPSF-73 is the endonuclease in formation of polyadenylated mRNAs. However, crosslinking experiments with a site-specifically labeled pre-mRNA substrate failed to detect this protein at the cleavage site (Ryan et al., 2004) . Despite using different sequence elements and factors that recognize these elements, 3# end processing of histone pre-mRNAs and cleavage coupled to polyadenylation exhibit some striking similarities. Both types of pre-mRNA contain two sequence elements required for processing, and cleavage occurs between the two sequence elements, preferentially after an adenosine. The precise position of the cleavage site in both types of pre-mRNA is not absolute and can be shifted to a less preferable nucleotide by changing the spacing between the two elements (Chen et 
CPSF-73 Is Likely Both the Endonuclease and 5-3 Exonuclease in 3 End
Processing CPSF-73 crosslinked in a U7-dependent manner to both full-length RNAs and to the downstream cleavage product. These results strongly suggest that CPSF-73 is both the endonuclease generating the correct 3# end of histone mRNAs and the 5# exonuclease responsible for release of the U7 snRNP. It is possible that the 5#-to-3# mode requires the proximity of the 5# phosphate. It will be interesting to determine how long of an extension at the 5# end would still allow the 5#-3# activity to degrade the RNA. We predict that moving the 5# end sufficiently far away from the U7 binding site could prevent the exonucleolytic activity and result in switching to the endonucleolytic mode. Our interpretation that CPSF-73 carries both activities is supported by their similar reaction requirements. The cleavage of the FL pre-mRNA and the degradation of the DCP occur in the presence of high concentrations of EDTA when most nuclear nucleases are inactive. In addition, both activities display similar sensitivity to low concentrations of NP-40 and increased concentrations of KCl (data not shown). Interestingly, Artemis, a β-lactamase fold protein sharing the β-CASP domain with CPSF-73, in vitro is a 5#-3# exonuclease and in complex with the DNAdependent protein kinase acts as endonuclease (Ma et al., 2002) . CPSF-73 may also require a second protein, for example CPSF-100, to display its endonucleolytic activity.
Mechanistic and Evolutionary Considerations
Identification of CPSF-73 as the likely endonuclease in formation of mature histone mRNAs raises a number of important questions. How is CPSF-73 recruited to the cleavage site by the two vastly different processing ma
